Introduction
During mammalian embryonic development, the anteroposterior axis is generated at gastrulation with the formation of the primitive streak (Bellairs, 1986) . The establishment of anteroposterior positional values along the embryonic axis seems to be determined at the time of cell ingression, being most obvious for the derivatives of the paraxial mesoderm. The paraxial mesoderm becomes segmented in discrete somites, which give rise later in development to the body musculature, the skin, and the different vertebrae of the axial skeleton (Dawes, 1930) . Transplantation studies performed in the chick embryo demonstrated that heterografted unsegmented mesoderm from an original thoracic region gives rise to ribcarrying vertebrae (Kieny et al., 1972) indicating that the still unsegmented mesoderm already shows anteroposterior specification,
The clustered Hox genes are believed to play a key role within this process (for review see McGinnis and Krumlauf, 1992) . The Hox genes start expression early in the primitive streak and establish nonidentical overlapping expression domains along the axis later in development.
The regional identity of the paraxial mesoderm seems to be tThe first two authors have contributed equally to this work.
conferred by the combined expression of the clustered Hoxgenes (for reviewssee Hunt and Krumlauf, 1992; Mavilio, 1993) . Experimental alteration of Hoxgene expression in transgenic mice (Kessel et al., 1990) and by retinoic acid (RA) (Kessel and Gruss, 1991) results in homeotic transformations in the axial skeleton. The role of Hox genes in conferring regional identity to the paraxi,al mesoderm has been further confirmed by the phenotypes obtained by targeted mutation of several members of the Hox gene family, which leads to transformations of the axial skeleton (for review see Krumlauf, 1994) .
On the basis of expression pattern and functional analysis, members of the caudal-type homeobox gene family also seem to play a role in the processes of axis organization, specification, or both. The first member to be isolated, the caodal gene in Drosophila (Mlodzik et al., 1985) , is expressed in a gradient that peaks at the posterior pole of the embryo (Mlodzik and Gehring, 1987) . Fulnctional analysis demonstrated that in the caudal mutants there is a loss of posterior structures (Macdonald and Struhl, 1986) while the ectopic expression of caudal leads to a disruption of head segmentation and development (Mlodzik et al., 1990) .
Several other caudai-like genes have been isolated in various species; these include Cdxl (Duprey et al., 1988) , Cdx2 (James and Kazenwadel, 1991) and Cdx4 ((Gamer and Wright, 1993) in mouse, Cdx3 (German et al., II 992) in hamster, CHox-cad (Frumkin et al., 1991) and CHox-cad2 (Serrano et al., 1993) in chicken, Xcadl, Xcad2 (Blumberg et al., 1991) , and Xcad3 (Northrop and Kimelman, 1994) in Xenopus laevis, zfcdx (Joly et al., 1992) in zebrafish, B mod caudal (Xu et al., 1994) in silk moth, and ceh-3 in Caenorhabditis elegans (Biirglin et al., 1989) . All of these genes are expressed at gastrulation.
The developmental mutant pal-7 in C. elegans, which shows anterior homeotic transformation, has been1 correlated with the caudal-type gene ceh-3 (Waring and Kenyon, 1990 Kenyon, , 1991 . Genetic analysis indicates that ceh-3 acts by misregulation of the clustered homeotic gene mab-5 (Kenyon, 1986) .
The murine caudal-like gene Cdxl is first expressed at 7.5 days postcoitum (dpc) in the primitive streak. Later in development, the expression extends posteriorly along the entire embryo to an anterior limit within the presumptive posterior hindbrain (Meyer and Gruss, 1993) .
To assign a functional role for Cdxl in murine development, we have inactivated Cdxl by homologous recombination.
The disruption of Cdx7 led to axial skeletal abnormalities with anterior homeotic transformation. These transformations were accompanied by a posterior shift in the expression of Hoxgenes in the somites. The presence of putative Cdxl-binding sites within the regulatory sequences of Hox genes and in vitro transactivation of Hoxa-7 by Cdxl suggest a direct interaction, resulting in the establishment of correct Hox gene expression pattern in the somitic mesodeirm. ES cells. Lane 1 is a wild-type clone; lanes 2, 3, and 4 show the characteristic 2.6 kb band expected from the disrupted allele with primers PI and P2 indicated in (C). An unexplained band of lower molecular mass also appears in all the clones that show a positive PCR signal for the targeted allele. (E) Southern blot of wild-type and targeted ES cell DNA digested with EcoRl and probed with the SB probe indicated in (C). The wild-type band is 7.0 kb, and the mutant is 5.5 kb. Lanes 1, 4, 6, 9, and 10 are of DNA from recombinant clones, and 2, 5, 6, 7, and 11 are of DNA of wild-type clones. (F) Southern blot analysis of wild-type and targeted ES cell DNA digested with BamHl and probed with the SB probe indicated in (C). The wild-type allele gives a 12 kb band, and the mutant allele shows a 13 kb band, owing to the presence of the 1.0 kb neo gene.
Results
Targeted Mutation of Cdxl and Generation of Mutant Mice Mutant Cdxl mice were generated by homologous recombination using the positive/negative selection system (Mansour et al., 1988) . The embryonic stem (ES) cell line RI (Nagyet al., 1993) was electroporated with the targeting construct (Figures 1 A, 16 , and 1 C). Southern blot analysis of 72 individual ES cell clones identified 14 correctly targeted clones, indicating a frequency of 1 in 5 (Figures 1 E  and 1F ).
Five independent
clones were injected into C57/BL6 blastocysts or aggregated with NMRI morulae, and from three male chimeras, obtained on each of these genetic backgrounds, germline transmission of the mutant Ccfxl allele was obtained. The transmission of the Cdxl mutation was analyzed by Southern blotting of tail DNA from the progeny (Figures 2A and 28) . The heterozygous and homozygous progeny appeared to be normal in size and did not exhibit any overt signs of abnormality.
Cdxl-'-Mice Are Negative for the CDXl Protein The insertion of the neomycin (neo) gene in the opposite transcriptional orientation to Cdxl introduces a premature stop codon into the coding sequence, as indicated by the conceptual translation of the sequences of the fusion gene. The mutated gene should encode a truncated CDXl protein, lacking the carboxy-terminal end that includes the recognition helix ( Figure 2C ). To determine whether a truncated CDXl protein was present in the mutant homozygous mice, we carried out immunoblotting experiments using antibodies raised to the amino-terminal end of the CDXl protein. The anti-CDXl antibody recognizes a protein that has an apparent molecular mass of 36 kDa (Meyer and Gruss, 1993) . In normal adult mice, the only detectable site of expression of Cdxl is the intestine (Duprey et al., 1988) . Analysis of protein extracts from the intestines of 3-week-old adult CdxV and Cdxl+'+ mice by immunoblots is shown in Figure 2D . In the Cdxl-/-mice, there was no detectable CDXl protein in the various regions of the intestines, as compared with their wild-type littermates. It is most likely that the truncated protein, if synthesized, is not stable and is rapidly degraded (Capecchi et al., 1974; Rechsteiner, 1987) .
CdxV
Mice Exhibit Anomalies and Homeotic Transformations of Vertebrae Skeletal preparations were made from Cdxl-deficient homozygotes as well as from their wild-type and heterozygous littermates. The heterozygous Cdxl mice were normal, and for further studies, comparisons were made only between the wild type and the homozygous Cdxl mutants. A total of 56 homozygous mice on an outbred NMRI, an inbred C57lBL6, and a 1291SV genetic background were analyzed, and the skeletal abnormalities are summarized in Table 1 .
Abnormalities
in the Cranial Regions In all mutant mice, consistent abnormalities of the axial skeletal elements were observed, beginning with the occipital bones of the skull. The basioccipital bone was broader at its posterior end (Figures 3C and 3E ; Figure  4) , and in most of the mutants, incomplete neural arches were fused to it (Figure 4 ). In these mutants, the exoccipital bones were affected, as the occipital condyles are not well developed (Figure 4) . Occasionally, the supraoccipital bone appeared broader (Figure 4) .
Besides the aberrations in the basioccipital, exoccipital, and supraoccipital bones, there were no apparent pheno- and the axis are articulated, the dens of the latter is retained against the anterior arch by the transverse ligament. This is the pivot on which the atlas moves. #Only in a few mutant mice did vertebra 2 exhibit the charact'eristics of an axis ( Figure  5A ). On the whole, the morphology of vertebra 2 as an atlas-like structure in the mutants was determined by the degree with which vertebra 1 apipeared as an occipital-like structure (see Figures 4 and 5). Vertebra 3
The third vertebra in most of the mutant mice had axis characteristics (see Figure  3 ). Specifically, it had broad neural arches, occassionally split on the dorsal surface; the vertebral body wtis fused partially to the body of vertebra 2, indicating the development of a dens axis (slae Figures 3C and 3E) . In some mutant skeletons, the third vertebra had a mixed identity. It appeared with ain axis morphology on one side and vertebra 3 morphology on the other side ( Figure  5C ). In the wild-type mice, vertebrae 3-5 appear similar.
They have a foramen transversum and articular processes, which project within the plane of the body. The sixth vertebrae has in addition the diagnostic anterior tuberculi, while the articular processes project more laterally. The seventh vertebra lacks the foramen transversum ( Figure  58 ). Vertebrae 4, 5, and 6
In the mutant CdxP mice, vertebrae 4 and 5 were indistinguishable from those in the wild type ( Figure  5 ). However, vertebra 6 appeared with the morphological characteristics of vertebra 5. In 60% of the C&t-'-mice, vertebra 6
did not carry tuberculi anterior and developed arlticular proccesses, which project within the plane of the body ( Figure  5A ). In 21% of the cases, only one tuberculus; anterior was present on vertebra 6, while the other side of the vertebra showed vertebra 5 morphology ( Figure  5C ). (100) 25 (100) 1 (4) 17 (100) 17 (100) 24 (96) 17 (100) 14 (100) 13 (92) (100) 17 (100) 25 (100) 23 (92) 8 (32) 6 (24) 17 (100) 13 (76) 13 (76) 5 (29) 8 (57) 7 (50) -
' (4) 21 (64) 4 (23) (40) 7 (28) 15 (88) 1 (4) 1 (4) 5 (35) 25 (100) 
Cdxl-'-E
Cdx-i-'-20% of the animals, the total number of artiiculated ribs is increased to eight ( Figures 6D and 6E ), while the total number of ribs was maintained at thirteen. In some cases, where the fusion of the first pair of ribs to the second pair occurred, the number of sternebrae was reduced from five to four ( Figure 6D ). Lumbar and Caudai Vertebrae The number and morphology of all the lumbar and caudal vertebrae were apparently normal. The appendicular skeleton, of both the forelimbs and the hindlimbs, did not exhibit obvious abnormalities. Thus, the disruption of Cdxl causes anterior homeotic transformation of vertebrae. The first vertebra developed into a more anterior structure, the basioccipital bone, and subsequent vertebrae up to the posterior thoracic ones assumed anterior identities.
Histological
Examination of Cdxl-'-Mice For a direct visualization of the effects of the Cdxl disruption on the patterning of the nervous system, the 03x7 mutant mice were crossed with the transgenic L17 /acZ line (Ptischel et al., 1990 (Ptischel et al., ,1991 . This transgenic lineexhibits /acZ staining in most neuroectoderm-derived structures, such as the spinal and cranial ganglia and the associated nerves (Tremblay et al., 1995) .
On the basis of the anterior transformation of the skeleton at the boundary between the skull and the cervical region, it could be possible that the neuroectoderm at this axial level is also affected. In wild-type embryos, the first spinal ganglion (Froriep's ganglion) degenerates by 12.5 dpc ( Figures 7A-7C ). An anterior transformation affecting the neuroectoderm of the axial level of prevertebra 2 should result in a degeneration of the second spinal ganglion. Histological analysis of 12.5 dpc CdxPIL17 embryos showed no evidence for any consequences of the Cdxl mutation on the neuroectodermal tissues ( Figure  7D ). Even the first cranial nerve does not seem to be affected in its axial position between the condensation of the first prevertebra and the basioccipital bone, although a partial fusion of these structures occurred ( Figure 7F ).
However, other axial morphological landmarks, such as the vertebral artery, which normally bends dorsally anterior to prevertebra 1, have an altered position. In the mutant embryos, the axial level of the bending artery is shifted posteriorly between the first and the second prevertebrae ( Figures 7E and 7F ).
Hox Gene Expression
in Cdxl-'-Mice Functional analyses of several /-/ox genes have demonstrated their role in the specification of vertebral identities (for review see Krumlauf, 1994) . The combination of HOX genes expressed by a given cell or group of cells seems to determine its or their future axial identity (Kessel and Gruss, 1991) . To determine whether the axial skeletal abnormalities observed in the Cdxl-'-mice correlate with alterations of Hox gene expression boundaries, in situ hybridization was carried out. For anatomical landmarks to describe their anterior expression boundaries, we used the condensations of the basioccipital bone and the prevertebrae. The basioccipital bone is characterized by the cross of the hypoglossal nerve, leading to a V-shaped interruption of this condensation ( Figures 8C, 8G, and 8K) . The second morphological landmark is the visible double condensation of thoracic vertebrae, because of the additional condensation of the rib anlage. Therefore, the first double condensation marks the eighth prevertebra (Figures 8A , 8C, and 80).
Since we observed aberrations in the base of the skull and clear anterior transformations along the axis, the expression of representative Hox genes belonging to different clusters, in particular Hoxa-7, Hoxcd, Hoxc6, Hoxc-8, and Hoxd-3, were investigated. Members of three Hox gene clusters that were analyzed showed a posterior shift in their expression domains in the prevertebrae (Figures  8 and 9 ; Table 2 ). For Hoxc-6, Hoxc-8, and Hoxa-7, the expression is shifted by one prevertebra; Hoxc-5 showed a posterior shift by two prevertebrae. The expression pattern of Hoxd-3, examined at 9.5 dpc by whole-mount in situ hybridization, showed clearly a unchanged expression in the neuroectoderm at the boundary of rhombomeres 4 and 5 ( Figures 9A and 9B) . However, the mesodermal expression is shifted from somite 5 to somite 6 (as reference, we used the developing forelimb bud) ( Figure 9C) . Therefore, the mutation of Cdxl seems only to interfere with the establishment of the anterior expression boundaries of Hoxgenes in the somites, while their expression in the neuroectodermal lineages do not seem to be affected. These findings are in agreement with the restriction of the CdxP phenotype to the skeletal elements.
Transactivation
of the Hoxa-7 Promoter by Cdxl Members of the caudal-type homeodomain proteins have been shown to function as transcription factors. The cauda/ gene in Drosophila acts as a direct activator of the segmentation gene fushi tarazu (ftz) (Dearolf et al., 1989) . Furthermore, it has previously been shown that the hamster gene Cdx3 activates the insulin gene (German et al., 1992) , and mouse CdxP is able to bind the SIFl element and activates transcription of the sucrase-isomaltase promoter (Suh et al., 1995) . Characterization of the binding sites of these genes within their target promoters allowed the identification of a conserved TTTATG motif. In addition, in vitro binding studies of the chicken CdxA on random oligonucleotides and genomic DNAfragments helped to define a consensus binding sequence of AICTTTATAIG --(Margalit et al., 1993). Taken together, these independent We discovered the presence of this binding site (TITATG) in the available regulatory sequences of 18 Hox genes in mouse and human. In most of these Hox genes, one or two putative Cdxl-binding sites are positioned directly 5'of the transcription start site. In addition, up to four TTTATG motifs are located within the first intron (average size, 500 bp) ( Figure 10A ). Of special interest is the finding of two Cdxl putative binding sites within a 470 bp 5'region of the Hoxa-7promoter (Figure 1 OB) . Transgenic analyses have previously shown that this promoter region is sufficient to specify the anterior boundary of Hoxa-7 (Knittel et al., 1995) .
In an attempt to characterize the Cdxl function on Hox genes further, we performed Cdxl transactivation experiments on different Hoxa-7lacZ promoter constructs in P19 cells. All Hoxa-7 /acZ constructs show basal level activity if transfected with a cytomegalovirus (CMV) control plasmid (Matthias et al., 1989) . Cotransfection of a CMV-Cdxl expression plasmid with the AX 470 construct leads on average to a 3-fold induction. The construct carrying this promoter fragment in the reverse orientation (AX 470 reverse) cannot be induced. Deletion of aregion including one putative Cdxl-binding site (construct AX 110-470) reduces the activation by 50% ( Figure 1OB ). These results demonstrate the transactivation of Hoxa-7 by Cdxl in tissue culture, suggesting regulatory interaction of Cdxl with the Hoxa-7 promoter, most likely through the TTTATG sequence moiif.
Discussion
Phenotype of Cdxl-'-Mice We have generated homozygous mutant mice for the muline homeobox gene Cdxl that are viable and fertile. The phenotypic consequences of this mutation are anterior homeotic transformations of vertebrae. In the Cdxl mutant mice, the mesodermal cells, which normally develop into the first vertebra, have undergone an anterior transformation, leading to aberrations of the basioccipital bone. From the first vertebra up to the seventh, the anterior transformations are quite clear, although, in many of the mutants, only unilateral. On the basis of the number and articulation of the ribs, we identified additional anterior homeotic transformations down the axis up to the midthoracic region, while no morphological changes are apparent posterior to T9. Homeotic transformations have been described for mouse mutants generated by gene disruption for several of the Hox genes. In the Hoxa-5 mutants, there is a posterior transformation of cervical vertebra 7 into the first thoracic vertebra (Tl) with a pair of ribs (Jeannotte et al., 1993) ; Hoxb-4 disruption leads to the partial homeotic transformation of the atlas to the axis and defects in the closure of the sternum (Ramirez-Solis et al., 1993) . Mice that are mutant for Hoxc-8 show anterior vertebral transformation and the generation of an extra pair of ribs from the first lumbar vertebra (Le Mouellic et al., 1992) . The disruption of Hoxd-3 (Condie and Capecchi, 1993) causes anterior transformations of the first and second cervical Hox Gene Cdxl +I+ Cdxl -IHoxa-7 pv 10 pv 11 Hoxc-5 pv 6 weak, pv 7 strong pv 7 weak, pv 8 strong HOXC-6 pv 8 weak, pv 9 strong pv 9 weak, pv 10 strong HOXC-8 pvl 1 weak, pvl2 strong pv 12 weak, pv 13 strong Hoxd-3 somite 5 somite 6
Abbreviation: pv, prevertebra occurred in gain-of-function mutants generated for Hoxa-7 and Hoxd-4.
In the case of Hoxa-7 overexpression, the atlas and the axis acquired the characteristics of more posterior vertebrae and an additional vertebra: the proatlas was present (Kessel et al., 1990 The CdxTmice exhibit an incomplete first vertebrae, which is fused to the basioccipital bone. On superficial examination, it resembles the proatlas phenotype seen in the gain-of-function experiments with Hox genes. HOWever, the dramatic loss of structures of the skull, in particular the strong reduction of the basioccipital, exoccipital, and supraoccipital bones seen in /-/ox overexpression or RA treatment experiments, do not occur. On the contrary, the basioccipital bone in the Cc/xl-'-mice appears strongly enlarged, arguing for an anteriorization of the mesodermal material that normally should form the first vertebra, while the so-called proatlas material has developed normally. This interpretation of the morphology of the Ccfxl-'-mice is strongly supported by the posterior shifts of Hoxd-3 expression from somite 5 to somite 6. Because of this shift, the expression domains of more anteriorly expressed Hex genes become extended, leading to an anteriorization of somite 5, which results in an extension of the basioccipital bone at later stages of development.
The series of homeotic transformations that we see in the Cdxl mutant mice correlate with an effect on several /-/ox genes. In situ hybridization analyses of /-/ox genes in the Cdxl-'-mice demonstrated a posterior shift of their expression domains in the somitic mesoderm by one segment.
Recently it has been reported that a targeted deletion of the bmi-7 proto-oncogene (van Lohuizen et al., 1991a (van Lohuizen et al., , 1991 , which shares several conserved domains with the posrerior sex combs reduced gene from Drosophila (Jiirgens, 1985) , leads to posterior homeotic transformations along the rostrocaudal axis (van der Lugt et al., 1994) . In contrast, the Cdxl mutation causes anterior rather than posterior homeotic transformations of vertebrae. On the basis of data from Drosophila, members of the Polycomb family are believed to form protein complexes that facilitate or regulate the formation of condensed chromatin, thereby repressing homeotic genes (for review see Paro, 1990) . In contrast, the caudal-type homeobox genes are believed to function as activating transcription factors. For example, the Drosophila homolog caudal activates the segmentation gene ftz by direct binding of the sequence motif TTTATG (Dearolf et al., 1989) . The presence of several putative caudal-type binding sites within the regulatory sequences of /-/ox genes and our in vitro transactivation experiments of Cdxl on Hoxa-7 argue also for a direct activating function of Cdxl on Hox genes. Therefore, the physical basis for the function of bmi-7 and Cdxl would appear to be different. In addition, the bmi-7 gene seems to function only on members of the Hoxc cluster (van der Lugt, 1994 ), while we demonstrate the effect of Cdxl on Hox genes from three different clusters.
In the mouse, two other genes of the Cdx family, Cdx2 and Cdx4, have been identified. Both genes are active early in gastrulation (Gamer and Wright, 1993; V. S., unpublished data) and show a partial overlapping expression pattern with Cdxl in the posterior part of the embryo. Therefore, the restricted phenotype of the Cdxl mutation to the anterior axis can be explained by complementary functions. In addition, Cdxl (V. S., unpublished data) and CdxP (James and Kazenwadel, 1991) are expressed in overlapping patterns in the developing and adult intestine, indicating the different roles of Cdx genes. The possible effect of Cdxl disruption in the developing intestine is currently being investigated.
Molecular Mechanisms
Mediating Homeotic Transformations in Cdxl-'-Mice: Effect on the Hox Code How does the early expression pattern of the Cdxl gene correlate with the phenotype of the mutant mice? Cdxl is expressed at gastrulation, when the polarity and regionalization of the embryo is set up.
The formation of the primitive streak leads to the orderly ingression of cells from the epiblast to form the mesoderm and the endoderm (Bellairs, 1986) . The paraxial mesodermal cells pass anteriorly, and from here, groups of cells are segmented off as somites (Flint, 1977; Tam and Beddington, 1986) , which differentiate into the dermamyotome and the sclerotome cell lineages. Transplantation experiments in the chick showed that cells have knowledge about their future axial identity even before the formation of somites is apparent (Kieny et al., 1972) . The initiation of somite formation at the anterior end of the embryo and region-specific time of their formation require positional information.
The large group of clustered Hox genes shows an orderly, temporal appearance along the primitive streak, beginning around 7.25 dpc, indicating their involvement in axial patterning (for review see Hunt and Krumlauf, 1992) .
Cdxl is first expressed at 7.5 dpc along the entire primitive streak (Meyer and Gruss, 1993) . The onset of expression of the third paralogous Hox group is coincident with that of Cdxl. When the anterior boundaries of the third paralogous Hox gene are established, the expression of Cdxl declines (Meyer and Gruss, 1993) , becomes more posterior, and is finally no longer detectable along the axis once specification is set up via the Hox genes.
The temporal coincidence in expression of members of the third paralogous group with Cdxl correlates very well with the similarity in phenotypic alterations seen in the Cdxl and Hoxd-3IHoxa-3 mutants (Condie and Capecchi, 1993) . Hoxd-8'-mice show a similar broadening of the basioccipital bone and fusion of the first vertebra to it (Condie and Capecchi, 1993) . On the basis of our in situ data and the skeletal phenotype, we know that the Hox gene products have not been abolished. However, we see a clear shift in the domains of their expression in the somites. The restricted alteration of Hox expression domains in the mesoderm in the Cdxl mutant mice makes it very unlikely that Cdxl is involved in the initial activation of Hox genes within the primitive streak; otherwise, the ectodermal lineage should also be affected. However, a continued presence of Cdxl seems to be necessary for the correct axial specification of the somites. In the vertebrates, the specification of embryonic levels through the clustered homeobox genes seems to take place before segmentation occurs. Therefore, further regulatory controls may be needed to ensure that the correct Hox genes are expressed in the newly formed somites, to specify their identity. We would like to argue from our mutation and transactivation studies that Cdxl functions in this process to set up the correct expression domains of Hox genes in the newly formed somites via direct Hox gene regu'lation. 
Gene
The overall picture of the expression patterns of the C&l gene and the Drosophilacaudalgene appear similar. Both these genes are expressed in a gradient with highest expression in the posterior part of the embryo (Macdonald and Struhl, 1986; Meyer and Gruss, 1993) . From the two main studies with the caudal gene in Drosophila, the following salient features of the function of this gene emerge. McDonald and Struhl found that there was an alteration in segmentation, and the expression of the pair rule gene tiz was affected over a large region in caudel mutants. It is likely that the protein encoded by caudal regulates the expression of pair rule and homeotic genes either directly or via its effects on specific gap genes. Ectopic expression of caudal in the anterior end of the cellular blastoderm was found to disrupt head development and segmentation, owing to the altered expression of ftz and engfailed, as well as the repression of head-determining genes such as deformed (Mlodzik et al., 1990) . DNA binding studies showed that caudal directly activates f?z (Dearolf et al., 1989 ). These results demonstrate the regulatory interaction of the caudal gene with the genes of the Ant-Bx complex. In the mouse, too, it is likely that the Cdxl gene has similar interactions.
In conclusion, we propose that the Cdxl gene plays a key regulatory role in the generation of the anteroposterior axial skeletal identity in mammals. The molecular mechanism may be due to direct effects on the /-lox genes.
Experimental Procedures
Construction of Targeting Vectors A 4.1 kb Hindlll genomic fragment of Cdxl, obtained from a C57/BL6 genomic library, was used to generate the targeting construct. The neo gene was cloned into the unique Bglll site withon the third exon of Cdxl in the opposite transcriptional orientation. The herpes simple virus thymidine kinase (HSV fk) was inserted 3' of Rhe genomic sequences as the negative selection marker.
Generation
of Cdxl Mutant Mice The ES cell line RI (Nagy et al., 1990) was cultured on mitomycin C-treated primary mouse fibroblasts with 100 U/ml of LIF, according to standard protocols (Mansour et al., 1988) . ES cells were eledroporated with 25 pg of linearized targeted vector and selected by use of 250 pg/ml G418 and 2 mM gancyclovir.
The initial screening of positive ES cell clones was done by polymerase chain reaction (PCR). For this, the following primers were used: neo 5'(5 '-atgagagcagccgattgtctgttgtgccc) and Cdx 3' (5'.agctggcacagagtctctggtagagagaaag). The PCR conditions were as follows: 94OC for 3 min, 55% for 2 min, 72'C for 5min, 94%for 1 min,55%for2min, and72OCforl minfor40cycles. Southern blot analysis to verify the PCR products was performed by using a Xbal-Hindlll fragment and a Smal fragment 3'of the targeting construct.
For the identification of Cdxl+'+, Cdxl-'+, and Cdxl-'-mice, we used the following PCR primers: 5'-ggctccttggcccggcgg and S-ccgagctggctgctaacc.
The PCR conditions were as follows: 94% for 3 min, 35 cycles of 68OC for 1.5 min, 94°C for 1 min, 68% fsor 1.5 min, and 72OC for 10 min for 35 cycles.
Chimeras
were generated either by aggregation of four to six targeted ES cells to NMRI morulae (Joyner, 1993) or by injection of six to eight cells into C57BL6 blastocysts (Hogan et al., 1988) .
Generation of Cdxl-Ix L17 Mice and X-Gal Staining of Embryos Homozygous Cdxl mutant mice were crossed with heterozygous mice of the L17 transgenic line (Piischel et al., 1990) to generate Cdxl+-/ Ll7"-embryos.
Whole embryo X-gal staining was performed as described previously (Ptischel et al., 1991) .
In Situ Hybridization
In situ hybridization on sections of 12.5 dpc embryos was performed as described previously (Kessel and Gruss, 1991) . For whole-mount in situ hybridization, 9.0-9.5 dpc mouse embryos were fixed and processed as previously described (Wilkinson, 1992) .
[35S]RNA probes were generated according to standard protocols. The probes used for in situ hybridization were the following: Hoxa-7 (Pijschel et al., 1990) , Hoxc-8 (Breier et al., 1986) , and /i"oxc-6 and Hoxc-5 (Sharpe et al., 1988) . The Hoxd-3 probe was a gift of M. R. Capecchi (Condie and Capecchi, 1993) .
Skeletal Preparations
Skeletal preparations were made from 3-week-old adult mice as well as newborn mice, as described by Kessel et al. (1990) .
Western Blotting Protein extracts were prepared from intestines from Cdxl-'-and Cdxl+'+ mice, and Western blot analysis was performed as described by Meyer and Gruss (1993) .
Transactivation
in Tissue Culture The Cdxl cDNA was inserted into the expression vector pEVRF2 (Matthias et al., 1989) to drive expression under the control of the human CMV promoter enhancer. The Hoxa-7 IacZ reporter plasrnids have been described by Knittel et al. (1995) . PI9 cells were grown in DMEM (Biochrom) supplemented with 10% fetal calf serum (BoehrinQer Mannheim) and transfected on 50 mm tissue culture dishes by the calcium phosphate method. We cotransfected 2.5 pg of the effedamr plasmid (CMV-Cdx7 or the pEVRF2 vector without insert) and 2.5 pg of the reporter plasmids (AX 470; AX 470 reverse: AX1 IO-350 or AX minus). Cells were harvested about 48 hr after transfection, and P-galactosidase activity assays were performed as described by Miller (1972) .
